Experiment plays an important role in studying the nonlinear behaviors of structures, especially for steel-concrete composite structures. In order to study the nonlinear behavior of steel-concrete composite deck, a series of fiber Bragg grating (FBG for shortly) sensors were designed and arranged in a full-scale model of composite deck. Cracks, slip and uplift were measured, respectively. The results show that FBG sensors performed well in the measurement of composite structure test. The arrangement of FBG sensors was much simpler than conventional electrical strain sensors. The response of FBG sensors was sensitive to the variation of structure states. The interfacial slip showed significant nonlinearity. Comparing to interfacial slip, the magnitude of uplift was small.
is the Bragg grating period (Di Sante and Donati, 2013) .
(1) Figure 1 shows the principle of optical FBG. Lights with the Bragg wavelength are reflected, shown as the reflected signal, while the others are transmitted.
Figure 1. Principle of optical fiber Bragg grating
When the length of optical fiber is changed by force or temperature, the effective refractive index n eff and the Bragg grating period will be modified relevantly which directly make an offset of Bragg wavelength as described inEquation2. λ B is the change of Bragg wavelength .β  is the photoelastic coefficient.is the thermal expansion coefficient. ξis the thermo-optic coefficient.andT are changes in strain and temperature, respectively (Papantoniou et al. 2011 ).
(2) It is shown that the change of Bragg wavelength (λ B ) is correlated linearly with the change of strain () and the change of temperature (T).By means of temperature difference compensation, the strain of structures can be measured by FBG sensors.
DESIGN OF FBG SENSORS

Slip and uplift sensor
Direct measuring method is proposed to measure the slip and uplift. The sensors are shown in Figure 2 .One side of the sensor is fixed on the steel plate. The other side is encastred in the concrete slab. The relative displacement between the concrete slab and the steel plate would cause the deformation of FBG sensors and lead to the offset of Bragg wavelength.
Figure 2.Assessment of slip and uplift sensors
At the place of FBG sensor, real relative displacement is in three dimensions. Compared to the displacement along the direction of FBG sensor, displacements in the other two orthogonal directions could be neglected when calculating the interfacial slip or uplift. The example below gives a two-dimensional demonstration.
Figure3.Demonstration of direct measuring method
The sensor is placed along x direction with the length l being 100mm. Displacement dx vary from 0.0001mm 2      to 100mm and dy vary from 0.0001mm to 100mm. Strain measured by sensor is  l .
(3)
Strain along x direction is  x . It represents the strain of slip or uplift according to the type of sensor.
(4)
The relationship between  l and  x is shown in Figure 4 .It shows that  l is approximately equal to x if dy is in lower order of magnitude. In this example, the threshold of dy is 0.1mm which is quite large either as slip or as uplift. It means that the strain measured by sensor could be treated as the strain of interfacial slip or uplift. 
Crack sensor
Direct measuring method could also be used to detect the cracks of concrete slab. The optical FBG is settled directly on the surface of concrete slab. But it might fail in detection when no crack passed through FBG sensing units as shown in Figure5.
Figure5. Demonstration of crack detection by direct measuring method
Therefore an indirect measuring method is introduced as shown in Figure6. Cracks between the fixed shell and the fixed end may cause flexure of cantilever beam. With the knowledge of structural mechanics and elastic mechanics, the strain of cantilever is linearly relevant to its deflection (Yu et al., 1999) . The deflection of cantilever beam is equal to the width of crack. The strain is measured by the FBG sensor. In other words, the width of crack can be derived from the measurement of FBG sensor. (Nellen et al., 1997) , Tsing Ma Bridge in China (Chan et al., 2006) and Lupu Bridge in China (Sun et al., 2004) .
Like all optical fiber sensors, FBG sensor has advantages in good linearity, high precision, long-term stability and small size. It also performs well in distributed measurement, resisting to electromagnetic interference (Maaskant et al., 1997) . The test signal of FBG sensor is the wavelength of reflected light which makes the FBG sensor free from influence of fluctuation of light source, bending loss, connection loss and aging loss of detector (Majumder et al., 2008) .Meanwhile, FBG sensor with different Bragg wavelength can be arranged in series connection which can significantly simplify the arrangement of sensing system (An and Ye, 2005) .
Conventional electrical strain gauges can also be used to make sensors just as the optical FBG. As shown in Figure7, conventional strain gauges (CSG shortly) need to be glued to steel bar while optical FBG only need to be encastred at the two ends of sensor. The configuration of FBG slip sensor is simpler than CSG slip sensor which makes the working performance more stable. The CSGs need to be arranged in parallel connection. Numerous connecting wires are required to connect the CSGs to the strain processor. The sensing system is so complex that it takes a lot of time to assemble the system and it would weaken the structural integrity. 
Figure7. Demonstration of slip sensors
EXPERIMENTAL PROGRAM
5.1.Design of steel-concrete composite deck
The test model of steel-concrete composite deck is shown in Figure 10 .The test specimen is 5000mm long, 2400mm wide and 1212mm high. Steel fiber reinforced concrete is used to cast the concrete slab. The concrete slab is 120mm thick at the edge and 200mm thick in the middle. It is cast on an 8mm thick steel plate. The steel girder is in H-shape section which is 600mm in width and 1004mm in height. The thicknesses of flange and web are 16mm and 20mm, respectively. Two additional 1100mm-long steel girders are bolted to the composite deck and anchored in support solids as shown in Figure 10 . Besides, three sets of rib stiffeners are welded on the web of steel girder at a spacing of 1600mm.
5.2.Loading procedure
As shown in Figure 10 , load was applied at the middle of rigid beam by the MTS servo hydraulic actuator and then transferred to loading plates. Details of the loading procedure are shown in Figure 12 . There were two phases of loading program. The loading-unloading-reloading process was considered. In phase I, load was gradually increased to 844kN and then decreased to 0kN. In phase II, load remained increasing until the failure of structure. When load reached the objective value of one stage, it would be maintained for five minutes to launch the measurements. Figure 12 . Loading procedure 5.3.Coordinate system A Cartesian coordinate system was introduced in order to give clear expressions in this paper. As shown in Figure 13 , the x, y and z direction represent the longitudinal, the vertical and the transverse direction, respectively. The origin is at the left upper center of concrete slab. 
5.4.Arrangement of FBG sensing system
The slip sensors and uplift sensors were placed at where the most significant interfacial displacements occurred by preliminary analysis. The interfacial slips along x direction were measured by discrete slip sensors H1~H5. The interfacial slips along z direction were measured by slip sensors H6~H7. The uplift sensors X1~X5 were arranged symmetrically to the slip sensors H1~H5. The positions of FBG sensors are shown in Figure 11 .
L1~L4 are crack sensors. L2~L4 were placed between the loading plates to detect the cracks generated along the x direction. L1 was parallel to L2 to make comparisons. Figure 14shows the arrangement of slip and uplift sensors. Figure 15 shows the arrangement of FBG crack sensors and conventional strain gauges. The mechanical properties of steel were tested by conducting uniaxial tension tests according to ASTM (2013). Coupons were cut and machined from steel plate and steel girder. Summary of test results is shown in Table 4 . 
5.5.Mechanical properties of materials
6.RESULTS AND DISCUSSIONS
6.1.Cracks
When crack generated between two points, the distance between them would be enlarged. The strain, therefore, would increase significantly. By analyzing the strain results of FBG crack sensors and conventional strain gauges (CSG), the cracks on the concrete slab could be detected. Results are shown in Figure 16 .The FBG sensor L2 showed a significant increase of strain at 79kN which means crack generated and passed through the FBG sensor. According to the property of concrete, crack would generate at the strain of 121.5μ which matched the test result. In addition, a practical crack was found at the surface of concrete slab when checking the test specimen. The CSG nearest to the crack showed a steady increase of strain which means the crack generated did not pass through this CSG. The CSG failed to detect the crack. 
6.2.Slip
The maximum strain measured by sensors H1-H5 was 40μ which means no significant interfacial slip was detected along the x direction. According to the arrangement of shear connectors shown in Figure 11 , the slip along x direction was strictly restricted, especially by the PBL shear connectors who have considerably high stiffness.
Sensors H6~H7 measured the interfacial slip along z direction. Results in Phase I are shown in Figure 17 . The slip increased slowly before220kN. The strain measured by FBG sensors should be considered as the strain of concrete slab. Slip did not occur before 220kN. This phenomenon was due to the interfacial contact cohesion. It represents the sliding resistance of interface when no normal pressure was applied. With the increase of load, more and more interfaces would release the contact cohesion when interfacial shear force exceeded the threshold. The slip started and developed. Figure 18 shows the results of reloading process in Phase II. Because of the release of contact cohesion in Phase I, the slip in Phase II increased rapidly at the beginning and reached the final state of Phase I at about500kN. The slip developed very slowly since then until the load passed 850kN. Slip restarted increasing after 850kN because more and more parts of interface released the contact cohesion. 
6.3.Uplift
Uplift results are shown in Figure 19 and Figure 20 . Significant uplift was measured by sensor X2 both in Phase I and Phase II. This measurement was abnormal when comparing with the other four FBG sensors, especiallyX4 which is symmetry to X2. Except for X2, the uplifts measured were linear with load. It indicates that the shear connectors have provided sufficient stiffness to resist interfacial separation. The magnitude of uplift was quite small when compared with slip. It could be neglected when evaluating the structural behavior of composite deck. 
7.CONCLUSIONS
This paper introduced an experimental research on steel-concrete composite deck. A 5000mm long and 2400mm wide composite deck was tested under negative bending. FBG sensors were designed and arranged to measure the slip, uplift and crack of the composite deck. Conclusions are summarized as follows:
The designed FBG sensors can be used in the experiment of composite structures. Their working performances are very well because the configuration of sensor is simple and the resolution is high. FBG sensors with different Bragg wavelength can be arranged in series connection. Therefore the sensing system is simplified and its influence to structure is diminished
The introduced indirect measuring method for crack is efficient in the test. An abrupt increase of strain indicates the generation of crack. The interface will not slip until the interfacial contact cohesion is released. The interfacial slip is nonlinear with load. The uplift-load curve is a zigzag line. It indicates that the uplift is mainly resisted by shear connectors. The uplift can be neglected when evaluating the structural behavior because the magnitude is very small. 
